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METHOD AND SYSTEM FOR
SYNCHRONIZING IN A FREQUENCY SHIFT
KEYING RECEIVER

TECHNICAL FIELD

This invention 1s generally related to synchronization for

digital communication systems employing frequency key
shifting (FSK) modulation. More particularly, an aspect of

the mvention 1s applicable for systems using orthogonal,
non-coherent, FSK modulation.

BACKGROUND OF THE INVENTION

Digital communication systems can be very sensitive to
synchronization error. For instance, phase error can cripple
a Quadrature Amplitude Modulation (QAM) system 11 not
controlled to an acceptable level. With non-coherent FSK
receivers, 1t 1s necessary to acquire and maintain an accept-
able level of frequency accuracy i order to properly receive
a signal. Synchronization may occur in two phases including
the acquisition phase and the tracking phase. Even after a
receiver acquires a signal, a transmitter may drift ofl fre-
quency during a message due to such factors as heating of
its local oscillator reference. In this case, the receiver i1s
forced to track the transmitter’s frequency as the message
Progresses.

Generally, at least one third of the software for digital
communication receivers 1s devoted to synchromzation for
both acquisition and tracking of a signal. It 1s necessary to
synchronize a received signal with a transmitted signal with
respect to both time and frequency. Performance errors may
result from both time and frequency synchronization errors.

Accordingly, a system 1s needed for achieving time and
frequency synchronization between a receiver and a trans-
mitter 1n an eflicient manner.

Such a system may be applicable to any radio incorpo-
rating 1Den talk-around for the Industrial, Scientific and
Medical (ISM) band. The ISM band includes several bands
in the radio frequency spectrum. These bands are unlicensed
and can be used for a variety of applications. Products
incorporating such technology may include two-way radios,
cellular phones, and modems.

SUMMARY OF THE INVENTION

Accordingly, 1n order to overcome the aforementioned
deficiencies, an aspect of the mvention provides a method
for using a digital commumnication recerver to achieve timing
synchronization during acquisition of a signal in the pres-
ence of frequency error. The method comprises the steps of:
receiving a signal from a transmitter containing a plurality of
data slots and a sync word within each transmitted data slot;
at each time 1nstant, forming multiple correlations, each of
the multiple correlations corresponding to a selected sync
symbol 1interval, relative to the current time instant; and
correlating the received signal with a sinusoid of an
expected frequency for each of the selected sync symbol
intervals. The method additionally includes gathering the
correlations at each time 1nstant, and phase-correcting them
in accordance with the FSK modulation imndex and known
sync symbol pattern, thus forming a vector of multiple
phase-corrected sync symbol correlations. The method addi-
tionally includes computing the discrete-time Fourier trans-
form of the vector of phase-corrected sync symbol correla-

tions at each time instant, over a set of candidate oflset
frequencies and forming a sync correlation signal according
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2

to the maximum discrete-time Fourier transform amplitude,
at each time instant, among the candidate oflset frequencies.
The method further includes comparing the sync correlation
signal to a threshold at each time instant, wherein the
threshold 1s proportional to the energy in the received signal
over the time span of a sync signal, relative to the current
time 1nstant and, upon detecting that the sync correlation
signal has exceeded the threshold, locating the peak of the

sync correlation signal, and establishing symbol timing 1n
accordance with said peak.

In yet another aspect, the mvention comprises a digital
communication receiver capable of achieving timing syn-
chronization 1n the presence ol frequency error during
acquisition of a signal. The digital communication receiver
comprises: a recerving mechanism adapted to receive a
signal containing a plurality of data slots with a sync word
within each transmitted data slot; a correlator for forming
multiple correlations, each corresponding to a selected sync
symbol interval and for correlating the received signal with
a sinusoid of an expected frequency for each of the selected
sync symbol intervals; and a combiner for gathering and
combining the multiple correlations over a set of small offset
frequencies, according to the FSK modulation index and
known sync symbol pattern. The digital commumnication
receiver additionally includes a peak detector, which forms
a sync correlation signal according to the maximum com-
biner output amplitude, among the candidate offset frequen-
cies, at each time 1nstant; a threshold detector, which, at each
time 1instant, compares the sync correlation signal to a
threshold; and a symbol timing estimator, which, upon
detecting that the sync correlation has exceeded the thresh-
old, establishes symbol timing 1n accordance with the peak
of the sync correlation signal.

In yet another aspect, the invention comprises a method
for achieving frequency synchronization after acquisition of
a signal 1n a digital communication receiver having a symbol
timing mechanism. The method comprises coupling to the
symbol timing mechanism for the digital communication
receiver; formulating a vector of complex-valued symbol
correlations for each received slot, wherein each wvector
clement 1s the correlation of the received signal with a
sinusold of known or estimated symbol frequency during
cach symbol interval, and where the symbol intervals are
determined according to the symbol timing derived from the
symbol timing mechanism; and basing the symbol frequen-
cies on known sync symbols and estimated data symbols
during the remainder of the slot. The method additionally
includes phase-correcting the vector of complex symbol
correlations according to the FSK modulation index and
estimated symbol pattern for each slot; computing the dis-
crete-time Fourier transform of the vector of phase-corrected
symbol correlations, and estimating the frequency oflset of
the received signal according to the location of the peak
magnitude of the Fourier transform vector. Finally, the
method includes computing a quality metric for the 1fre-
quency ollset estimate according to the signal-to-noise ratio
computed from the Fourier transform magnitude vector.

In yet a further aspect, the invention comprises an appa-
ratus for achieving frequency synchronization in a digital
communication receiver alter acquisition of a signal. The
apparatus comprises a frequency oflset estimator for cou-
pling to a symbol timing mechanism, and formulating an
oflset estimate using known and estimated symbols, and a
quality estimating tool for determining a quality of the
frequency oflset estimate using a signal-to-noise ratio cal-
culation.
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In yet a further aspect, the invention comprises an appa-
ratus for achieving timing synchronization for acquisition of
a signal and achieving frequency synchronization after
acquisition of the signal. The apparatus comprises: a rece1v-
ing mechanism adapted to recerve a signal containing a
plurality of data slots with a sync word within each trans-
mitted data slot; and a correlator for forming multiple
correlations, each corresponding to a selected sync symbol
interval and for correlating the received signal with a
sinusold of an expected frequency for each of the selected
sync symbol intervals. The apparatus additionally includes a
combiner for gathering and combining the multiple corre-
lations over a set of small oflset frequencies according to the
FSK modulation index and known sync symbol pattern; a
peak detector, which forms a sync correlation signal accord-
ing to the maximum combiner output amplitude among the
candidate oflset frequencies, at each time 1nstant; a threshold
detector, which, at each time instant, compares the sync
correlation signal to a threshold; and a symbol timing
estimator, which, upon detecting that the sync correlation
has exceeded the threshold, establishes symbol timing in
accordance with the peak of the sync correlation signal. The
apparatus additionally comprises a frequency oflset estima-
tor for formulating an offset estimate using known and
estimated symbols and a quality estimating tool for deter-
mimng a quality of the frequency oflset estimate using a
signal-to-noise ratio calculation.

In yet a further aspect, the imnvention comprises a method
for achieving timing synchronization for acquisition of a
signal and achieving frequency synchronization after acqui-
sition of the signal. The method comprises receiving a signal
contaiming a plurality of data slots with a sync word within
cach transmitted data slot. The method additionally includes,
at each time instant, forming multiple correlations, each of
said multiple correlations corresponding to a selected sync
symbol interval relative to the current time 1nstant. Also, the
method includes correlating the received signal with a
sinusold of an expected frequency for each of the selected
sync symbol intervals, and, at each time instant, gathering
the correlations and phase-correcting them in accordance
with the FSK modulation index and known sync symbol
pattern, thus forming a vector of multiple phase-corrected
sync symbol correlations. Additionally, the method includes,
at each time instant, computing the discrete-time Fourier
transform ol the vector of phase-corrected sync symbol
correlations over a set of candidate offset frequencies, and
forming a sync correlation signal according to the maximum
discrete-time Fourner transform amplitude, at each time
instant, among the candidate offset frequencies. The method
turther includes, at each time instant, comparing the sync
correlation signal to a threshold, where said threshold 1is
proportional to the energy in the receirved signal over the
time span of a sync signal, relative to the current time
instant, and, upon detecting that the sync correlation signal
has exceeded the threshold, locating the peak of the sync
correlation signal, and establishing symbol timing in accor-
dance with said peak. The method additionally includes
coupling to the symbol timing mechanism for the digital
communication receiver, and for each received slot, formu-
lating a vector of complex-valued symbol correlations,
where each vector element 1s the correlation of the recerved
signal with a sinusoid of a known or estimated symbol
frequency during each symbol interval, and where the sym-
bol intervals are determined according to the symbol timing,
derived from the symbol timing mechanism. Additionally,
the method includes basing the symbol frequencies on
known sync symbols and estimated data symbols during the
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4

remainder of the slot, and phase correcting the vector of
complex symbol correlations according to the FSK modu-
lation mmdex and estimated symbol pattern for each slot.
Additionally, the method includes computing the discrete-
time Fourier transiform of the vector of phase-corrected
symbol correlations, and estimating the frequency oflset of
the received signal according to the location of the peak
magnitude of the Fournier transform vector. Finally, the
method includes computing a quality metric for the fre-
quency oilset estimate, according to the signal-to-noise ratio
computed from the Fournier transform magnitude vector.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of user equipment according to
an embodiment of the invention;

FIG. 2 1s a block diagram of a digital communication
system environment 1n which an embodiment of the mven-
tion may be implemented;

FIG. 3 1s a block diagram of an embodiment of a digital
communication receiver capable of achieving synchroniza-
tion;

FIG. 4 1s a flow chart showing a method for tracking
synchronization 1n a digital communications receiver;

FIG. 5 shows a data slot configuration including a sync
word correlation window:

FIG. 6 1s a block diagram showing the operation of a
correlator and a combiner;

FIG. 7 1s a graph showing static sync detection perfor-
mance with frequency error;

FIG. 8 1s a block diagram showing a frequency oflset
estimator bullering scheme; and

FIG. 9 1s a table documenting performance of the fre-
quency oflset estimator.

DETAILED DESCRIPTION

As disclosed herein, a system and method are provided for
achieving timing synchronization during acquisition of a
signal and for achieving frequency synchronization after
acquisition ol the signal. The system and method are par-
ticularly useful for systems that undergo frequency drit
during a message. In one preferred embodiment of the
invention, the system and method are implemented 1in a
mode 1 which mobile devices communicate directly with
one another, without the use of a network. In some 1nstances,
while the mobile devices may be capable of communicating
over a network, the network may become unavailable. This
lack of availability may occur due to busy cells or lack of
coverage within a given arca. A mode in which mobile
devices communicate directly 1s commonly referred to as
“Talkaround” or “Direct Mode”. This mode allows wireless
devices to communicate directly with one another and 1is
similar to ordinary two-way radios.

FIG. 1 1s a simple block diagram of a mobile device or
remote user equipment 100 for use 1n an embodiment of the
invention. As explained above, the remote user equipment
100 may communicate directly with other remote user
equipment. Each remote user equipment 100 may include a
transmitter 160 and a receiver 110. The transmitter includes
an antenna 162 for transmission of a signal and the receiver
110 1ncludes an antenna 10 for reception of a signal.

In another embodiment, the system and method of the
invention may operate 1in a network environment. FIG. 2 1s
a block diagram of a digital communication system 1n which
the remote user equipment 100 may be used. The remote
user equipment 100 communicates with a fixed portion 200
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including one or more base stations 210. The fixed portion
200 may be coupled to a network 300 such as public switch
telephone networks (PSTN) a local area network (LAN),
wide area network (WAN), the Internet or any other type of
network. The remote user equipment 100 generally commu-
nicates with other remote user equipment with the assistance
of the fixed portion 200 and the network 300.

FIG. 3 shows a receiver architecture contained within
remote user equipment 100. The signal 1s received by an RF
unit 2 and 1s {iltered by an RF filter 12 and then amplified by
an RF amplifier 13. The amplified RF signal 1s then trans-
lated to an IF frequency by a mixer including a multiplier 14
and a voltage controlled oscillator (VCO) 15. The IF signal
from multiplier 14 1s sent to an IF unit 4 and 1s filtered by
an IF filter 16 and then translated to baseband by a quadra-
ture down-mixer including multiphiers 22 and 24, a local
oscillator (LO) 21, a phase shifter 23, and baseband filters 30
and 32. The baseband filters 30 and 32 are contained within
a baseband umt 40. The baseband in-phase and quadrature
signals, I and Q, are then sampled by data converters 34 and
36 that convert analog voltage signals 1into discrete numeri-
cal sequences. The digital sequences from data converters 34
and 36 are provided to a digital signal processor (DSP) unit
42. The frequency oflset estimate from DSP unit 42 is
converted ito a control signal, which modifies the divide
modulus of a Frac-N synthesizer 28. In response, Frac-N
synthesizer 28 modifies the oscillating frequency of VCO 15
in accordance to the frequency oflset estimate.

The DSP umit 42 may include a correlator 220, peak
detector 230, a combiner 240, a threshold detector 250, a
frequency oflset estimator 260, a symbol timing estimator
2770, and a quality estimator 280. Each of these components
1s described 1n greater detail below in conjunction with the
method of the invention. These components may be software
components programmed 1nto an appropriate processor or
alternatively may be accomplished with circuitry arranged to
accomplish the operations of these components as set forth
below 1n conjunction with the method of the invention.

FIG. 4 1s a flow chart illustrating the main procedures of
the synchronization technique of the invention. In procedure
A, the correlator 220 forms N sync symbol correlations
according to equation 6. In procedure B, the combiner 240
gathers the correlations, and combines them at 2L+1 oifset
frequencies according to equations 11, 12, and 13. In pro-
cedure C, the peak detector 230 finds a correlation peak
among the 2L+1 candidate oflset frequencies, according to
equation 14. In procedure D, the received signal energy is
computed over a moving window associated with the current
sync nterval under observation according to equation 10. In
procedure E, the threshold detector 250 compares the ratio
of peak-to-energy to a predetermined threshold. If the
threshold test 1s met, the symbol timing estimator 270
performs symbol timing estimation procedure F, followed
by the frequency oflset estimator 260 associated with equa-
tions 15 and 16, and quality estimator 280 associated with
equation 17, marked by procedures G and H, respectively. In
procedure I, if the quality exceeds a second predetermined
threshold, the synthesizer 28 i1s adjusted accordingly in
procedure J. If, 1n procedure E, the ratio of peak-to-energy
does not exceed the first predetermined threshold, procedure
K checks to see i1 the sync search window has timed out. If
not, a new sample 1s gathered 1n procedure L, and the entire
process repeats from the beginning. If a timeout has
occurred, 1n synchronous mode, the relative symbol timing
from the previous slot 1s used, and the frequency oflset

estimation procedure G 1s imnvoked for the current data slot.
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6

If the current mode of operation 1s asynchronous, the time
out causes the procedure to end.

As 1llustrated 1in FIG. 5, 1n a slotted FSK system, a sync
word 310 may be transmitted at the beginning of an FSK
data slot 312 to provide a receiver such as receiver 110 with
a mechanism for tracking a transmitter’s symbol timing. The
sync word 310 should exhibit good autocorrelation proper-
ties, so that 1t can provide reliable symbol timing informa-
tion to the receiver 110. For example, a transmaitter 160 sends
a sync word 310 at the beginning of each slot 312. For each
slot 312, the receiver 110 correlates against the sync word
310 within a narrow sync search window 314. The position
of the sync search window 314 1s based on timing estab-
lished from previous slots, and should be fairly well aligned
with the received sync word 310, as illustrated 1n FIG. 5. A
remainder of the slot 312 may contain data 316.

Sync word correlation c¢(n) can be described 1n discrete
time by the following equation:

Equation 1:
NN—1 Z
= . — NN, + 1)s" (m)
cln) = NN ; rim+n <

where N 1s the number of symbols 1n the sync word 310, N_
is the number of samples per symbol, {r(n)} is the complex-
valued, received sample sequence, and {s(n)} is an undis-
torted template of the complex-valued, transmitted sync
signal. Once c(n) exceeds a threshold, a sync “hit” has
occurred. Upon finding a sync hit, the receiver 110 performs
a search for a peak correlation so that symbol timing can be
estimated.

To 1llustrate the need for a robust sync word correlator 1n
the presence of small frequency errors, assume that the
received signal 1s a noiseless and distortionless version of
the transmitted signal, with the exception of a small fre-
quency oflset “w,” from the transmitted signal. Also, for
FSK signals, the constant envelope property Is(n)l=A, where
A 1s constant, applies. Finally, assume that the correlation 1s
applied at a time n,, which happens to align exactly with the
sync word 310, 1n which case, the sync correlation becomes:

Equation 2:

NNg—1 Z

1 .
s(m)e? 0™ 5™ (m)
NN, ;

clig) =

NN—1 Z

3 e

m=0

A2
NN

A% Sin(NN.wg/2)
NN,  sin(wo/2) |

Inspection of this expression reveals that zero energy 1s
present at the sync correlator output whenever:

Equation 3:
NNSEUD L
5 =T
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where k 1s any non-zero integer.

As an example, for a digital communication system with
a-baud rate of 3200 symbols/sec, and with N=8 symbols per
sync word, a frequency error as small as 400 Hz will result
in zero energy out of the sync correlator. In fact, errors as
small as 200 Hz will cause significant signal loss, and will
severely degrade a receiver’s ability to detect a sync word
310. Accordingly, a solution 1s needed for dealing with the
sync word detection problem in the presence of small
frequency errors.

For M-ary FSK signals, let the sync word symbol

sequence be represented by the length-N vector u, where

cach vector element 1s contained i1n the set

ue[1-M,3-M, ..., M-3M-1] Equation 4

Let the constant parameter h represents the modulation
index. The sync word correlation of Equation 1 can then be
expressed by the set of equations 5, 6, and 7

Equation 3:

. 2
expﬁ—j@ﬂﬁbllﬁz+(ﬁ1+-l—nNUh@,um]

thﬁya

|
cln) = ~

0

=
I

Equation 6:

No—1

nmuh
Alr, u) = YA Z rik+n+1- Ns)exp(—j v k]
& L=0 &

Equation 7:

0

( 0 m

m—1
frhz u, m>10
i=0

Qwﬁi)=*‘

.

These equations 1llustrate a “divide-and-conquer” strat-
egy, which 1s significantly less complex than a brute-force
correlation. In the divide and conquer strategy, the correla-
tion 1s divided into N smaller correlations, represented by
equation 6.

As can be seen 1n equation 6, at each time n, the smaller
correlations essentially correlate the received signal with a
sinusold of an expected frequency, with said expected fre-
quency being determined by the known sync symbol u of
interest, for each respective sync symbol interval. The
combiner 240 gathers and combines the correlations accord-
ing to equation 5, which accounts for the expected starting
phase, given by equation 7, of each sync symbol.

FIG. 6 illustrates the correlation procedure for a sync
word ot length N=8 symbols. At a time n,_,, correlator
outputs from the correlator 220 start with A(n-7N_u,) and
finish with A(n,u-). The sync correlator 220 then passes 1ts
outputs to the combiner 240 that performs the operation of
Equation 3. The symbol correlations of equation 6 can be

computed efliciently using the recursive form of the Goert-
zel algorithm:
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Equation 8:

'E—ﬁmh 1 ]
| N, r(n)—Er(n—N5)+A(n—l,M)_

jﬂ@
Alr, u) =@ Ns

It can be appreciated, by those well versed in the art, that
other recursive forms can be used to compute the correlator
outputs of equation 6. Diflerent formats may be more
appropriate, depending on the method of quantization used
in a particular digital signal processor 42.

Furthermore, for the iteger modulation index h=1, the
phase correction terms may be simplified into the form

Equation 9:

1 m even

eXpl— O (i)] = { o

We will use this assumption, leading to Equation 9, for many
of the examples that follow.

The sync word correlator 220 and combiner 240 perform
the iteration of equation 8 at each expected sync word
frequency, and then, for h=1, simply add or subtract appro-
priate outputs. This method 1s approximately 5 to 10 times
less complex than the brute force approach.

In order to detect the presence of the sync word 310 at the
receiver 110, the sync correlation output 1s compared to a
threshold. It the sync correlation of equation 5 exceeds the
threshold, the sync word 1s detected, and the ensuing peak of
the sync correlation signal 1s located 1n order to establish
symbol timing for a given FSK data slot 312. Instead of
comparing the sync correlation against a fixed threshold, 1t
1s desirable to normalize the sync correlation signal by the
received signal energy, prior to threshold detection, where
the energy 1s computed within the same time window as the
sync correlation of equation 5. Equivalently, the threshold
may be scaled by the energy, and compared directly to the
sync correlation signal c(n). This energy, denoted by e(n), 1s
computed recursively also:

Equation 10:

NNg—1
> lrn+k+1-NNP
k=0

eln) =

=e(n—1)+ [Ir(m)|* = |r(n — NN5)I”]

NN,

Upon detecting the sync word, a search 1s performed 1n a
small time window following the first sync “hit”. Within this
window, a peak search over the un-normalized c(n) may be
performed in order to locate the symbol boundary and

accurately establish symbol timing within the receiver 110
for a given FSK data slot 312.

The above-identified process can also be altered to
account for small frequency errors. The illustration below
assumes a symbol rate of 3200 baud, a modulation index of
h=1 and a sync word length of 8 symbols. Referring back to
equations 5 and 9, the sync word correlator forms the
following vector, at each time instant n:
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Equation 11:

- Aln —=TN,, 1) -
— A — 6N, uy)
A —ON,, uy)
—Aln — 4N, u3)
Aln — 3N, ug)
—A(n — 2N, us)
Al — N, ug)
—A(n, u7)

If there 1s zero frequency error in the received signal and

the recetved signal 1s time aligned with the sync word, the
vector X of equation 11 takes the form of a complex phasor

with arbitrary phase. If the received signal 1s off i fre-
quency, this vector should rotate 1n phase according to the
oflset, 1.e., the vector looks like a complex sinusoid with a
frequency equal to the oilset. Distortion may exist due to
timing error and energy leakage in the individual correlator
outputs. However, these distortions are secondary, provided
that the offset 1s small compared to the symbol rate.

A robust sync detection algorithm computes the follow-
ng:

Equation 12:

cp (1) =

I ¢ 2nmf,
g};xm(n)exp[_ﬁ 3200 ]

which 1s simply the energy in the vector x (n) at frequencies
{f.}. For the example under consideration, the frequencies
may be set to:

f,=200-%k Hz Equation 13

The sync correlator output for this modified algorithm 1s
then

c(n)y=max;[fc.(#n)] Equation 14

For L=1, the frequency set is {-200, 0, +200} Hz, which
would tolerate up to +/-300 Hz of error with only a small
degradation.

FIG. 7 shows the sync hit rate (SHR) on the y-axis vs.
static E/N, on the x-axis, where E_ represents symbol
energy, and N_ represents noise density, for several sce-
nar10s. The benchmark 1s 0 Hz error with L=0 (frequency set
{0} Hz), which has the best performance as represented by
solid curve 702 1n FIG. 7. For 300 Hz error with L=0, the
SHR degrades severely as the sync correlator produces very
little energy at 1ts output as shown by curve 708 in FIG. 7.
When the frequency set {-200, 0, +200} Hz (L=1) is
incorporated as shown by curve 704 in FIG. 7, the SHR
comes to within about 0.5 dB from the benchmark. To
handle 500 Hz error, the frequency set {-400, -200, 0, +200,
+400} Hz (L=2) must be used as shown by curve 706 in FIG.
7. As long as the frequency set 1s appropriately selected,
more frequency error can be handled and little loss will be
sullered from secondary distortions, provided that the offset
1s small compared to the symbol rate.

The sync symbol correlator 220 and combiner 240 of the

invention are robust in the presence of small frequency
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errors. The algonthms utilized by the sync symbol correlator
220 and combiner 240 are eflicient and build on the Goert-
zel-based symbol correlator. In addition to detecting the
sync word 310 when frequency error 1s present, 1t 1s desir-
able to define a way to estimate frequency offset from the
received signal 1n order to track out the error. The frequency
oflset estimator 260 builds on the same basic i1dea. The
symbol correlator outputs, when synchronized in time, and
alter phase correction, rotate in phase according to the
frequency offset of the received signal. Thus, for the fre-

—
Iset estimator 260, the following vector x applies:

quency o

Equation 15:

I A.(HD — 127N5, H[].) |
—A.(H.j — 126N3, Hl)

—A(Hg — IQONS, H?)
A.(HD — llgNS, ﬂfg) \
—A(Hﬂ — 118NS, f{g)

=]
[

Alrg — Ny, t126)

—A(ng, U127)

where we assume 128 symbols in the FSK data slot 312, for
example. In this case, the time no represents the end of the
1287 symbol within the slot. The first eight symbols
usU, . ..U, are the known Sync symbols, and the remaining
symbols U;u,  1,,-, are estimates of the transmitted data
symbols. The symbol estimates are based on either the raw
received symbols or the error-corrected symbols. The raw
symbol method 1s generally much simpler to implement.
FIG. 8 shows a block diagram of how this vector 1s formed
for the raw received symbol approach, during the data
portion 316 of the FSK slot 312. For M-ary FSK, a bank of
M symbol correlators 226 operate once per synchronized
symbol interval, thus producing M complex correlations per
symbol interval, where each complex correlation corre-
sponds to a particular frequency 1n the M-ary FSK alphabet.
Note that these correlations are the same as those described

by equation 6. However, for the data portion 316 of the slot,
since symbol timing has already been established, 1t 1s only
necessary to compute these once per symbol 1nterval, so the
recursive computation of equation 8 need not be used. For
cach symbol interval, a peak magmtude search 262 1is
performed over the M correlations, and the peak indices are
stored 1n the raw received symbol bufler 232. The complex
correlation associated with the raw received symbol index 1s
stored 1n a frequency estimation builer 222. Upon receiving,
the last data symbol within the slot, the frequency estimation

bufler 222 1s phase-corrected, thus forming the vector ? of

equation 13.

The frequency estimator 260 may use the 128 point Fast
Fourier Transform (FFT) and take the magnitude squared as
follows:
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Equation 16:

2
1223‘ ( _QJrkl]
X exXpl — j——
£ 178

P.(l) =

il

The frequency estimator 260 estimates the frequency oilset
according to a fractional argument that maximizes P (1) over
the region corresponding to, for example, [-500, 500] Hz. In
this example, the frequency resolution of this FFT 15 25 Hz
per bin.

The quality estimator 280 may attach a measure of quality
to the estimate, according to the measurement of the signal
to noise ratio (SNR)

Equation 17:
> Pl

SNR fELl
X P

¢ L |

where L, defines a region £200 Hz, or =8 bins, about the
point 1,. This 1, 1s computed as the frequency bin index,
confined to the region [-500, 500] Hz, which maximizes
P_(1). Instead of taking only the maximum frequency com-
ponent, the system sums up the signal 1n a narrow bandwidth
about the peak. This technique maintains a good SNR 1n the
fast fading case, where energy 1s spread out about the
nominal oifset.

In order to pass a frequency oflset estimate, a sync word
hit must occur during the specified slot, and SNR must be
greater than a predetermined threshold, for example, 0.3.
This SNR measurement 1s a simple and effective method for
detecting bad measurements and discarding them.

FIG. 9 summarizes the performance of the frequency
oflset estimator 260 and quality estimator 280. Each table
entry encapsulates the results of 500 simulated data slots.
The measurements are extremely accurate, even though
non-error-corrected symbols are used.

While the preferred embodiments of the mvention have
been 1llustrated and described, it will be clear that the
imvention 1s not so limited. Numerous modifications,
changes, variations, substitutions and equivalents will occur
to those skilled in the art without departing from the spirit
and scope of the present mmvention as defined by the
appended claims.

We claim:

1. A method for using a receiver to achieve timing
synchronization during acquisition of a signal, the method
comprising the steps of:

receiving a signal from the transmitter containing a plu-

rality of data slots and a sync word within each trans-
mitted data slot;:

forming multiple correlations at each of a plurality of time

instants, each of said multiple correlations correspond-
ing to a selected sync symbol interval relative to a
current time 1nstant, by correlating the received signal
with a sinusoid of an expected frequency for each of the
selected sync symbol intervals;

gathering the multiple correlations at each time 1nstant;

phase correcting the multiple correlations 1n accordance

with an FSK modulation index and a known sync
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symbol pattern, thus forming a vector of multiple phase
corrected sync symbol correlations;

computing at each time instant a discrete-time Fourier
transform of the vector over a set of candidate oilset
frequencies;

forming a sync correlation signal according to a maxi-
mum discrete-time Fourier transform amplitude at each
time instant among the set of candidate offset frequen-
cles:

comparing the sync correlation signal to a threshold at
cach time instant, wherein the threshold 1s proportional
to energy in the received signal over the time span of
a sync signal relative to a current time 1nstant; and

upon detecting that the sync correlation signal has
exceeded the threshold, locating a peak of the sync
correlation signal and establishing symbol timing in
accordance with the peak.

2. The method of claim 1, further comprising tracking a
transmitter’s frequency by estimating a frequency oflset
from the received signal.

3. The method of claim 2, further comprising the step of
tracking frequency synchronization in the received signal
based on the estimated frequency oilset.

4. A digital communication receiver capable of achieving
time synchronization in the presence of frequency error, the
receiver comprising:

a receiving mechanism adapted to receive a signal con-

taining a plurality of data slots with a sync word within
each transmitted data slot;

a correlator for forming multiple correlations, each of said
multiple correlations corresponding to a selected sync
symbol interval, and for correlating the recerved signal
with a sinusoid of an expected frequency for each of the
selected sync symbol intervals;

a combiner for gathering and combining the multiple
correlations over a set of candidate offset frequencies
according to an FSK modulation index and a known
sync symbol pattern;

a peak detector for forming a sync correlation signal
according to a maximum combiner output amplitude
among the candidate oflset frequencies at each time
instant;

a threshold detector for comparing the sync correlation
signal to a threshold at each time instant; and

a symbol timing estimator for establishing symbol timing,
in accordance with a peak of the sync correlation signal
upon detecting that the sync correlation signal has

exceeded the threshold.

5. The digital communication receiver of claim 4, further
comprising a frequency oflset estimator for estimating a
frequency oflset of the received signal in order to track
frequency synchronization after signal acquisition.

6. The digital communication receiver of claim 5, further
comprising an error tracking mechamism for tracking fre-
quency synchronization after signal acquisition.

7. A method for achieving frequency synchronization 1n a
digital communication receiver having a symbol timing
mechanism, the method comprising:

formulating a vector of complex valued symbol correla-
tions, where each vector element 1s a correlation of a
received signal with a sinusoid of a known or estimated
symbol frequency during each of a plurality of symbol
intervals, and wherein each symbol interval 1s deter-
mined according to the symbol timing derived from the
symbol timing mechanism;
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basing symbol frequencies on known sync symbols and
estimated data symbols during a remainder of a time
slot;
phase-correcting the vector of complex valued symbol
correlations according to an FSK modulation index and
estimated symbol pattern for each time slot;

computing a discrete-time Fourier transform vector of the
vector of complex valued symbol correlations;

estimating a frequency oflset of the received signal
according to a location of the peak magnitude of the
Fourier transtform vector; and

computing a quality metric for the frequency oflset esti-
mate according to a signal-to noise ratio computed
from the magnitude of the Fourier transform vector.

8. The method of claim 7, further comprising:

determining the signal-to-noise ratio for the frequency

oflset estimate by summing up the signal 1n a selected
narrow bandwidth about the peak and discarding the
frequency oflset estimate 1f the signal-to-noise ratio 1s
below a pre-determined threshold.

9. An apparatus for achieving timing synchromization
during acquisition of signal and for achieving frequency
synchronization after acquisition of the signal, the apparatus
comprising;

a recerving mechanism adapted to receive a signal con-

taining a plurality of data slots with a sync word within
each transmitted data slot;
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a correlator for forming multiple correlations, each of said
multiple correlations corresponding to a selected sync
symbol interval, and correlated with a sinusoid of an
expected frequency for each of the selected sync sym-
bol intervals:

a combiner for gathering and combining the multiple
correlations over a set of small ofiset frequencies
according to an FSK modulation index and a known
sync symbol pattern;

a peak detector for forming a sync correlation signal at
cach time instant according to a maximum combiner
output amplitude among the oflset frequencies;

a threshold detector for comparing the sync correlation
signal to a threshold at each time instant;

a symbol timing estimator for establishing symbol timing
in accordance with a peak of the sync correlation signal

upon detecting that the sync correlation has exceeded
the threshold;

e

a Irequency oflset estimator for formulating an oflset
estimate using known and estimated symbols and for
calculating a frequency offset estimate; and

a quality estimating tool for determining a quality of the
frequency oflset estimate using a signal-to-noise ratio
calculation.
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